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Heart performance relies on highly coordinated excitation–con-
traction (EC) coupling, and defects in this critical process may be
exacerbated by additional genetic defects and/or environmental
insults to cause eventual heart failure. Here we report a regulatory
pathway consisting of the RNA binding protein RBFox2, a stress-
induced microRNA miR-34a, and the essential EC coupler JPH2. In
this pathway, initial cardiac defects diminish RBFox2 expression,
which induces transcriptional repression of miR-34a, and elevated
miR-34a targets Jph2 to impair EC coupling, which further mani-
fests heart dysfunction, leading to progressive heart failure. The
key contribution of miR-34a to this process is further established
by administrating its mimic, which is sufficient to induce cardiac
defects, and by using its antagomir to alleviate RBFox2 depletion-
induced heart dysfunction. These findings elucidate a potential
feed-forward mechanism to account for a critical transition to car-
diac decompensation and suggest a potential therapeutic avenue
against heart failure.

RBFox2 | miR-34a | Jph2 | EC coupling | heart failure

Heart failure is a leading cause of human mortality worldwide
and has been a focus of intense biomedical research. It is

well known that both physiological and pathological factors, such
as aging, high blood pressure, coronary heart diseases, diabetes,
and obesity contribute to heart failure (1, 2). Although a variety
of transcription factors and signaling molecules have been im-
plicated in this disease process (3), accumulating evidence sug-
gests the involvement of a large number of miRNAs in both
heart aging and failure (4). A few such miRNAs have been
characterized in details with respect to their targets in the heart
(5). Of particular interest is miR-34a, which is induced in aged
hearts of both human and mice as well as in hearts stressed by
pressure overloading and myocardial infarction (6–8). To study
this important and highly disease-relevant miRNA, multiple
targets have been identified, including the phosphatase 1 nuclear
targeting subunit (PNUTS) involved in the regulation of apo-
ptosis, DNA damage, telomere shortening (7), BCL-2, and
CYCLIN D1 critical for triggering apoptosis and cell cycle arrest
(9). However, it has remained unclear whether miR-34a directly
regulates any cardiac-specific gene to compromise heart per-
formance during the onset and/or progression of heart failure.
Recently, dysregulated RNA binding proteins (RBPs) have

emerged as important drivers to heart failure. We have a long-
standing interest in the RBFox family of proteins in gene regu-
lation, which have been extensively studied as splicing regulators
(10, 11). Our recent research on the two members (RBFox1 and
RBFox2) of this important RBP family in the heart not only
demonstrated their functional requirement for heart develop-
ment, but also elucidated their protective roles against heart
failure (12, 13). Interestingly, we found in the pressure-overload
mouse heart that RBFox1 (12) was down-regulated at the

mRNA level whereas RBFox2 (13) was diminished at the protein
level. As expected from their roles in splicing regulation, we
detected prevalent changes in alternative splicing of cardiac
genes that are linked to heart failure phenotypes in both RBFox1
and RBFox2 knockout (KO) mouse models.
During detailed characterization of conditional RBFox2 KO

mice, we noted that genetic ablation of this critical RBP in the
heart caused severe defects in excitation–contraction (EC) cou-
pling, which is critical for transmitting electronic signals to the
contraction apparatus in cardiac muscle (14). However, it has
remained unclear whether the observed EC-coupling defects
resulted from some critical mRNA isoform switches or from
other unknown dysfunctions induced in the RBFox2-deficient
heart. It is of particular interest to note from our more recent
study revealing a direct and repressive role of RBFox2 in tran-
scription, which caused transcriptional derepression of a large
number of miRNAs, including miR-34a, in the RBFox2-deficient
heart (14). These findings suggest a potential regulatory para-
digm where RBFox2 may function in conjunction with altered
miRNA expression to regulate critical cardiac-specific genes.
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In the current investigation, we specifically focused on eluci-
dating the functions of RBFox2 and induced miR-34a in EC cou-
pling. This led to the discovery that induced miR-34a specifically
targets Jph2, which encodes an EC coupler that links T-tubules
with the sarcoplasmic reticulum (SR) to coordinate the elec-
tronic signal on the membrane with the contractile apparatus
within the cardiomyocyte (15, 16). As JPH2 down-regulation is a
signature event induced in response to pressure overloading
(16), our findings suggest a potential feed-forward loop that
may directly contribute to the transition from compensation to
decompensation characterized by myocardial insufficiency (3).
Importantly, breaking this regulatory axis with a miR-34a anta-
gomir was found to significantly alleviate the disease phenotype
in the RBFox2-deficient heart, suggesting a potential therapeutic
strategy against the progression of heart failure.

Results
RBFox2 Ablation-Induced Heart Failure and the Structural Basis for
the Phenotype. We recently documented that RBFox2 ablation in
developing embryos by crossing floxed RBFox2 mice with a
Mlc2v-Cre transgenic mouse induced severe EC-coupling defects
detected by high-resolution confocal microcopy as part of the
heart failure phenotype (13). To further understand the mech-
anism underlying such EC-coupling defects, we examined the
structural integrity of the T-tubule, a key subcellular structure for
EC coupling. By using a fluorescent dye that specifically illumi-
nates the cell membrane, we observed a dramatic disarray of
T-tubules with disrupted colocalization between the voltage-
dependent long-lasting- (L)-type calcium channel [dihydropyr-
idine receptor (DHPR)], which is responsible for triggering
calcium transient from the SR via calcium-induced calcium re-
lease (17), and the ryanodine receptor RYR2, a critical calcium
release channel on the SR to induce contraction (18) (Fig. 1A).
FFT on spatially converted T-tubule images showed that the

power of the first peak, an indicator of T-tubule ordering (19),
was markedly reduced in the RBFox2−/− heart compared with those
from the WT littermate controls (Fig. 1B). By transmission electron
microscopy (TEM), we found that RBFox2−/− cardiomyocytes
showed irregular sarcomeres with broadened Z bands (green ar-
rowheads in Fig. 1C) and reduced junctions between TT-SR where
calcium instructs EC coupling (red arrowheads in Fig. 1C) as, re-
spectively, quantified (Fig. 1D). These data established the structural
basis for the observed EC-coupling defects in the RBFox2−/− heart.

The Heart Failure Phenotype Linked to Down-Regulation of the EC-
Coupler Jph2. To investigate the underlying cause(s) at the mo-
lecular level, we focused on a set of key components involved in
calcium handling in primary cardiomyocytes (Fig. 2A), including
CACNA1C, a major subunit of the voltage-dependent L-type
calcium channel DHPR in T-tubules (20); RYR2, a critical cal-
cium channel on the SR for releasing calcium to the cytoplasm to
trigger contraction (21); JPH2, a main linker between T-tubules
and the SR critical for maintaining nanometer scale interactions
between DHPR and RYR2 (22); and SERCA2A, a calcium
pump on the SR for calcium recycling back to the SR during
relaxation (23). Interestingly, we noted that the JPH2 protein
level was first reduced at week 5 before the appearance of any
detectable gross pathology (13), whereas all other key players we
examined were altered only subsequently (Fig. 2B). In contrast,
the mRNA levels of these genes quantified by RT-qPCR were
relatively consistent with only Serca2a showing a significant
decline after 18 wk, indicative of an indirect effect (Fig. 2C).
These observations suggest a post-transcriptional mechanism
for the reduction of JPH2 in the heart. Because heart-specific
knockdown of Jph2 by shRNA caused a nearly identical phenotype
(24, 25), these results suggest that induced Jph2 down-regulation
is a causal event for the EC-coupling defect observed in the
RBFox2−/− heart.

B

D

0 

5 

10 

15 

20 

0 0.5 1 1.5 

WT 
KO 

P
ow

er

Spatial frequency  (1/µm)

2D FFT

Week 6 Week 9
0

5

10

15

20

FF
T 

fir
st

 p
ea

k 
po

w
er

WT
KO

** **

WT KO
0

100

200

300

400

nm

Z-line

WT KO
0

10

20

30

1/
10

0µ
m

2

TT-SR 
junction

** **

Week 9 Week 9

WT
KO

A

Week 9 WT Week 9 KOC

Week 9 WT Week 9 KO

D
H

P
R

R
Y

R
2

M
er

ge

Fig. 1. T-tubules and SR (TT-SR) disorganization in RBFox2 KO mice. (A) Double staining for DHPR (green) and RYR2 (red) on isolated wild-type (WT) and
RBFox2−/− (KO) cardiomyocytes from 9 wk-old mice. (Scale bar, 10 μM.) (B) Power spectrum (Top) retrieved from two-dimensional fast Fourier transformation (FFT)
of images in A. The first peak at the spatial frequency of ∼0.6 μm−1 corresponds to the ∼2 μm interval of the T-tubule in WT cardiomyocytes. The second and third
harmonic peaks observable in WT were absent in KOmice. Statistics of the FFT first peak power (Bottom) at two different postnatal ages; n = 27 for WT at week 6;
n = 30 for KO at week 6; n = 21 for WT at week 9; n = 22 for KO at week 9, **P < 0.01. (C) Disrupted ultrastructure of the contractile apparatus in WT and
RBFox2−/− cardiomyocytes detected by TEM. Green arrowheads, Z line; red arrowheads, TT-SR junctions. (Scale bar, 200 nM.) (D) Statistics of the Z-line width (Left)
and the number of TT-SR junctions (Right) were quantified from randomly selected TEM images; n = 81 from 3 WT hearts, n = 109 from 3 KO hearts, **P < 0.01.
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Ryanodine receptor 2 for Ca2+ release from the SR; DHPR, a voltage-dependent L-type calcium channel at the T-tubule. (B) Western blotting analysis of key
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qPCR analysis of gene expression of the genes described in B; for Jph2 mRNA, n = 7 at each time point, ns, not significant; for Serca2a mRNA, n = 3 at each
time point, *P < 0.05. (D) Semiquantitative RT-PCR analysis of Jph2 splicing in WT and global RBFox2 KO cardiomyocytes from 9 wk-old mice. The gene
structure and the locations of primer pairs are indicated on top of the agarose gel. 5U, 5′UTR; M, 1 kb DNA ladder marker; E1, exon 1; E2, exon 2; E3, exon 3;
E4, exon 4; E5, exon 5. (E) Western blotting analysis of JPH2 expression in control and tamoxifen (TMX)-induced RBFox2 KO hearts (Top). GAPDH served as
loading control. Relative fold changes in JPH2 protein levels (Bottom) were normalized to GAPDH and quantified; n = 3 hearts for each group, *P < 0.05, ns,
not significant. (F) Left ventricle M-mode echocardiodiagram imaging (Left) and quantification of EF (Right Top) and FS (Right Bottom) at the baseline or 2 wk
after TMX induction; n = 11 for each group, **P < 0.01.
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We previously characterized a large splicing program regu-
lated by RBFox2 in the cardiac muscle and linked the altered
splicing program to postnatal heart remodeling (13). Here we
asked whether Jph2 down-regulation in the RBFox2−/− heart
might result from a defect in Jph2 splicing by semiquantitative
RT-PCR using a set of primers to scan all exon–exon junctions in
Jph2 pre-mRNA. Unexpectedly, we found no difference in either
expression or alternative splicing between WT and RBFox2−/−

cardiomyocytes (Fig. 2D). This observation suggests a new
mechanism by which the JPH2 protein might be down-regulated
at a post-translational level in the RBFox2−/− heart.

Repaid JPH2 Down-Regulation in Adult Mice in Response to Transient
RBFox2 Ablation. Because RBFox2 was ablated in an early em-
bryonic stage (E8.5) in Mlc2v-Cre mice, it remained unclear
whether compromised JPH2 levels in the adult heart might
result from the immediate consequence of RBFox2 ablation or
from a cascade of events manifested due to the absence of
RBFox2 in early embryos. We thus examined the specific effect
of RBFox2 KO in the mature heart by using TMX to induce
RBFox2 ablation in the adult mouse heart (e.g., ∼2 mo after
birth). By crossing the floxed RBFox2 mice with an inducible
cardiac-specific Myh6-MerCreMer mouse (26, 27), we obtained
homozygous RBFox2-cKO mice (SI Appendix, Fig. S1A), and
upon TMX administration for a week, we confirmed marked
RBFox2 reduction at both mRNA (SI Appendix, Fig. S1B) and
protein (Fig. 2E) levels. Noninvasive echocardiography recor-
ded significant decreases in both ejection fraction (EF) and
fractional shortening (FS), indicative of greatly compromised
left ventricle contractility (Fig. 2F). In addition, we detected
mRNA induction of two key heart failure biomarkers, the atrial
natriuretic factor (Anf) and the brain natriuretic protein (Bnp)
(SI Appendix, Fig. S1C).
Consistent with our early findings (13), the TMX-induced

RBFox2-cKO heart showed marked chamber dilation but with-
out obvious cardiac hypertrophy (SI Appendix, Fig. S1D), which
was also evidenced by a slightly decreased, rather than increased,
heart weight/body weight ratio compared with the control heart (SI
Appendix, Fig. S1E). These data suggest that compromised heart
function resulted directly from RBFox2 deficiency rather than in-
directly from aggregated developmental defects. We further vali-
dated key induced splicing events on Pdlim5, Mef2a, and Ldb3
genes in this induced RBFox2 ablation model as we observed earlier
in RBFox2-Mlc2v-Cremice (SI Appendix, Fig. S1F). Importantly, we
also detected JPH2 down-regulation in the TMX-treated RBFox2-
cKO heart (Fig. 2E), which correlated with the contraction defect
detected by echocardiography and significantly reduced EF and
FS values deduced from such echocardiographic measurements
(Fig. 2F). Together, these data strongly suggest RBFox2 defi-
ciency caused the reduction of JPH2, which contributed to the
contraction defect in the adult heart. The RBFox2-cKO mice
also afforded us a second genetic model to study RBFox2-
regulated gene expression.

Induction of miR-34a in RBFox2−/− Cardiomyocytes. To investigate how
RBFox2 might regulate gene expression beyond splicing control, we
had an important clue from our previous study showing tran-
scriptional derepression of a large number of miRNAs in
RBFox2−/− cardiomyocytes (14), suggesting that an induced
miRNA(s) might account for unaltered Jph2 mRNA but reduced
JPH2 protein we now uncovered. To systematically investigate
changes in miRNA expression in cardiomyocytes, we used RT-
qPCR to profile 160 miRNAs previously detected in the mouse
heart (28, 29) (SI Appendix, Table S1). We detected the in-
duction of a large subset of miRNAs in RBFox2−/− cardiomyocytes
at week 5, and observed persistent elevated expression of these
miRNAs in later time points (Fig. 3A). Importantly, this set of
highly induced miRNAs includes miR-34a, which has been pre-

viously linked to both age-linked and pressure–overloading-induced
heart failure (6, 7), indicating a potential combinatory mecha-
nism (i.e., transcription depression without RBFox2 and stress
signaling) responsible for elevating this stress-induced miRNA.
We also confirmed the marked induction of miR-34a in
RBFox2-cKO mice (see Fig. 5A below). In comparison, another
set of miRNAs initially showed little difference at week 5 but
became progressively repressed at later stages, indicative of
potential secondary effects.
We next determined potential miRNA targets by performing

duplicated Ago2 CLIP-seq to compare the miRNA targeting
landscape in response to RBFox2 ablation in the mouse heart
(13) (SI Appendix, Fig. S2A). The resulting Ago2 CLIP-seq data
were globally concordant even when comparing the Ago2
CLIP-seq data from WT and RBFox2-ablated hearts (SI Ap-
pendix, Fig. S2B). Focusing on Jph2 in the mouse, we noted two
strong Ago2 peaks in the 3′UTR of Jph2, which showed a de-
gree of detectable induction upon RBFox2 ablation, and in-
spection of the underlying sequences suggests that both might
be directly targeted by miR-34a based on potential seed base-
pairing interactions (Fig. 3B). We further noted that the se-
quence underlying the first Ago2 peak was conserved between
mice and humans, whereas the second Ago2 peak appeared
unique to the mouse gene. These observations raised the pos-
sibility that induced miR-34a might directly target Jph2 to cause
its down-regulation in RBFox2−/− cardiomyocytes.

miR-34a Targets the 3′UTR of Both Mouse and Human JPH2 Genes. To
validate the direct action of miR-34a on Jph2, we first cloned the
full-length mouse Jph2 3′UTR into a luciferase reporter, and to
test the functionality of the predicted miR-34a target sites, we
also introduced point mutations in the seed region of both po-
tential target sites, either individually or in combination (Fig. 3B,
Bottom). Upon transfecting these reporters in HeLa S3 cells with
or without a miR-34a mimic, we found that transfected miR-34a
indeed repressed the WT reporter (Fig. 3C). Mutations in either
seed reduced the effect, and the combined mutations largely
abolished the effect (Fig. 3C). These data supported the regu-
lation of mouse Jph2 by miR-34a and confirmed the required
base-pairing interactions in both seed regions.
Given significant sequence divergence in the 3′UTRs of Jph2

between mice and humans (SI Appendix, Fig. S3A), we extended
this analysis to human JPH2, focusing on the relatively conserved
target beneath the first Ago2 peak. We similarly cloned the full-
length human JPH2 3′UTR into the luciferase reporter and tested
both WT and corresponding mutations in response to the trans-
fected miR-34a mimic in HeLa S3 cells. We found that the rela-
tively conserved sequence underlying the first Ago2 peak was
indeed responsive to the transfected miR-34a mimic; however,
mutations in the seed base-pairing reduced but not fully obligated
the responsiveness to miR-34a (Fig. 3D), implying that human
JPH2 may carry another target sequence(s) for miR-34a. We also
cloned the core miR-34a target sequences from both mouse and
human JPH2 genes and showed that both were sufficient to me-
diate the response to transfected miR-34a (SI Appendix, Fig. S3 B
and C). Together, these data suggest that both mouse and human
JPH2 genes are subjected to regulation by miR-34a.

Direct Contribution of miR-34a to JPH2 Down-Regulation in the Heart.
The data presented above revealed a critical RBFox2-miR-34a-
Jph2 pathway for heart function. To substantiate a key contri-
bution of this circuit to heart failure, we asked whether increased
miR-34a alone would be sufficient to imitate the heart failure
phenotype observed in the RBFox2−/− heart. We i.v. injected
control and miR-34a mimic into WT mice at day 0 and again at
day 7 and performed echocardiography analysis at day 0, 7, 10,
and 14 postinjection (Fig. 4A). We confirmed an increased miR-
34a level relative to mock injection in the heart even 14 d after
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injection (Fig. 4B), and echocardiography revealed a clear decrease
in cardiac contractility (Fig. 4C) as indicated by the quantified re-
duction of EF and FS along the time (Fig. 4D). Notably, the miR-
34a mimic alone was insufficient to invoke alternative splicing of
Mef2a or Ldb3 as observed in the RBFox2−/− heart (SI Appendix,
Fig. S4A); however, the injected miR-34a mimic clearly caused a
reduction of JPH2 to a measurable degree as indicated by the
quantified Western blotting data (Fig. 4E). Conversely, we injected
a specific miR-34a antagomir. Unlike the miR-34a mimic, the miR-
34a antagomir did not cause a detectable cardiac phenotype in the
WT heart (Fig. 4 F and G), and consistent with its expected effect,
we detected an increase in JPH2 expression (Fig. 4H). As a control,
we examined DHPR, another important T-tubule component,
which showed little changes at the protein level in mice treated with
either miR-34a mimics or antagomir. These data demonstrated that
endogenous miR-34a is titrating the level of JPH2 expression in the
heart, and augmentation of miR-34a alone is sufficient to impair
heart function.

Functional Rescue of RBFox2 Ablation-Induced Heart Defects by miR-
34a Antagomir. To further demonstrate that the newly eluci-
dated RBFox2-miR-34a-Jph2 pathway critically contributed to
the overall cardiac defect in the RBFox2−/− heart, we next
performed a functional rescue experiment by breaking the
pathway with the miR-34a antagomir, taking advantage of the
rapidly induced cardiac phenotype in RBFox2-cKO mice where
multiple miRNAs, including miR-34a, were induced as in the
RBFox2−/− heart (Fig. 5A and SI Appendix, Fig. S4B). We first
confirmed that the administrated antagomir was able to reduce
the miR-34a levels in both WT and RBFox2-cKO hearts at day
6 after antagomir injection (Fig. 5A). As expected, the miR-34a
antagomir suppressed the induction of the heart failure-
associated biomarker Anf (Fig. 5B) and improved cardiac per-
formance in the RBFox2-cKO heart as indicated by the rescued
EF and FS levels measured by echocardiography (Fig. 5C).
Moreover, TEM detected improved sarcomere organization at
day 6 of TMX treatment (Fig. 5D). Quantitative analysis of the
TEM images showed that, although blocking basal miR-34a had
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no effect on sarcomere organization in the WT heart, the miR-34a
antagomir significantly suppressed increased the Z line width in the
RBFox2-cKO myocardium (Fig. 5E). More importantly, the miR-
34a antagomir was effective in restoring the number of TT-SR
junctions in the RBFox2-cKO heart (Fig. 5F). Collectively, these
data demonstrated that the induced miR-34a expression critically
contributed to the heart failure phenotype in the RBFox2-ablated
heart and blockage of this miRNA was insufficient to rescue
the phenotype.

Discussion
RBFox2 Is Directly Relevant to Heart Aging and Disease. The RBFox
family of RNA binding proteins consists of three members, RBFox1
(A2BP1), RBFox2 (RBM9), and RBFox3 (NeuN). Although
RBFox3 is exclusively expressed in mature neurons, both RBFox1
and RBFox2 are detectable in multiple tissues, particularly, the

brain and heart (30, 31). Relevant to heart development, RBFox1
is little expressed in the embryonic heart, but is dramatically in-
duced in the postnatal heart (32), which is consistent with the
demonstrated role of this RBP during heart remodeling (12). In
contrast, RBFox2 expression is relatively constant in both embryos
and young adults but becomes progressively declined in later de-
velopmental stages (32), indicative of its potential contribution to
the heart aging process.
Relevant to heart disease, a mutation in RBFox2 has been

identified as a risk factor in hypoplastic left heart syndrome, and
analysis of the RBFox2 mutation demonstrated its functional
impact on a large number of RBFox2-regulated splicing events in
the heart, suggesting the causal role of the mutation in cardio-
myopathy (33). Study of diabetic cardiomyopathy also reveals a
dominant negative isoform of RBFox2, which appears to an-
tagonize the normal function of RBFox2 in regulated splicing
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(34). These lines of genetic evidence strongly suggest RBFox2 as
a disease gene in the heart.

RBFox2 Regulates Gene Expression at Multiple Levels. Molecular
analysis on cell lines and animal models has demonstrated the
vital function of RBFox family members as splicing regulators.
Interestingly, the functional impact of these RBPs on gene
expression has now been expanded beyond their traditional
roles in splicing control. For example, RBFox1 has recently
been found to enhance mRNA stability in the brain, al-
though the mechanism for such enhancement has remained
elusive (35). Moreover, both RBFox2 and RBFox3 have
been implicated in binding and modulating pri-miRNA pro-
cessing (36, 37).
Our recent study also revealed that RBFox2 is broadly in-

volved in transcriptional repression by recruiting Polycomb
Complex 2 via nascent RNAs (14). These findings prompted us
to investigate disease mechanisms from a broader respective,
leading to the discovery that RBFox2 ablation coupled with as-
sociated stress induces miR-34a, which, in turn, targets a critical
EC-coupler Jph2 to compromise heart performance. The overall

cardiac defects likely result from combined effects of RBFox2
ablation at both splicing and miRNA levels.

A Potential Self-Enforcing Mechanism for Heart Failure. Our current
study revealed a protective role of RBFox2 during heart failure.
As RBFox2 is a demonstrated sensor to stress (13), reduced
RBFox2 in response to the initial insult may induce miR-34a,
which targets Jph2, and resulting EC-coupling defects may im-
pose further stress to the heart, thereby further down-regulating
RBFox2. Therefore, the elucidated pathway may have the pro-
pensity to become manifested, which may be a potential mechanism
for progressive down-regulation of RBFox2 during heart aging.
This potential feed-forward mechanism may be further enhanced
by genetic and environmental factors, leading to heart failure.
Each component in this pathway is likely to have other func-

tions that contribute to the overall heart failure phenotype either
associated with aging or induced by other genetic and environ-
mental insults. For example, RBFox2 is known to regulate many
genes at both transcriptional and post-transcriptional levels (13,
14, 34). Likewise, increased miR-34a has been shown to target
other critical genes, such as PNUTS, to cause myocardial insufficiency
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(7). Besides miR-34a, another miRNA miR-24 has also been
reported to target Jph2 in the heart (38, 39). Therefore, it is likely that
the RBFox2-miR-34a-Jph2 pathway may be connected to multiple
other branches during the progression of heart failure. Importantly,
we have now demonstrated that experimental intervention of this
pathway with the miR-34a antagomir is sufficient to alleviate the
heart disease phenotype to a significant extent in RBFox2 KO mice,
which is in line with the documented benefit of this agent on other
heart failure models, together suggesting its clinical potential for
treating heart disease.

Materials and Methods
Construction and Analysis of Inducible Cardiac-Specific RBFox2 KO Mice. The
construction of conditional RBFox2 KO mice was previously described (13).
Conditional RBFox2-cKO mice were generated by breeding RBFox2 floxed
mice with a cardiac-specific inducible model Myh6-MerCreMer mouse. To
inactivate RBFox2, TMX was administrated in an animal diet for 1 wk to
activate Cre. Mouse pressure-overload surgery was performed as previously
described (40) in either C57B/L male animals or RBFox2-cKO mice. For miR-34a
mimic and miR-34a antagomir delivery, both miR-34a mimic and miR-34a anta-
gomir were purchased from Thermo Fisher Scientific (#4464088; #4464070). The
control animals were injected with corresponding negative controls, also from
Thermo Fisher Scientific (#4464078; #4464060). The miR-34a mimic and miR-34a
antagomir (4 mg/kg body weight) were delivered via tail vein injection using
InvivoFectmine 3.0 (IVF3005; Thermo Fisher Scientific) according to the manu-
facturer’s protocol. Mice were imaged noninvasively for heart function and
morphology by echocardiography at indicated time points. All mice were anes-
thetized and maintained with 2% isofluorane in 95% oxygen. A Vevo 2100
(FUJIFILM VisualSonics) echocardiography system with a 30 mHz scan head was
used to acquire the data. A parasternal long axis and a short axis view were
recorded. The short axis view was used to generate M-mode images for analysis
of ejection fraction and fraction shortening.

This study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (41). All of the animals were handled according to ap-
proved institutional animal care and use committee (IACUC) protocols
(S99116 and A3196-01) of the University of California. All surgery was per-
formed under anesthesia, and every effort was made to minimize suffering.

Transmission Electron Microscopy and Imaging of T-Tubules. Dissected mouse
hearts were perfused with 50 mM KCl in Tyrode solution followed by 2%
paraformaldehyde and 2%glutaraldehyde. The tissueswere processed for FEI
Tecnai Spirit G2 BioTWIN transmission electron microscope at the University
of California San Diego (UCSD) Transmission Electron Microscopy Core Fa-
cility. Quantitative analysis was performed by using the ImageJ software. To
image T-tubules, isolated cardiomyocytes were loaded with 10 μM lipophilic
membrane marker Di-8-ANEPPS (D-3167; Thermo Fisher Scientific) in Tyrode
solution at room temperature for 10 min. Cells were washed twice and imaged
under a confocal microscope with a 60× oil objective in the X-Y frame mode.
The IDL 5.5 software (Research Systems, Inc.) was used for image processing.

Western Blot and Antibodies. For Western blotting, isolated cardiomyocytes
were lysed to prepare total protein extracts. Total protein samples were
resolved in 4–12% NuPAGE Novex Bis-Tris gradient gels (NP0322BOX;
Thermo Fisher Scientific) and transferred to a nitrocellulose membrane. Af-
ter blocking for 1 h with 5% nonfat milk, the membrane was probed with a
primary antibody overnight at 4 °C and then with HRP-conjugated anti-mouse
or anti-rabbit secondary antibody (7076S; 7074S; Cell Signaling Technology) for

1 h at room temperature. Immunoblot signals were detected by autoradio-
graphy after application of the enhanced chemiluminescence substrate. The
following primary antibodies were used in the present study: anti-JPH2
(ab79071; Abcam); anti-JPH1 (40–5100; Thermo Fisher Scientific); anti-RYR2
(PA5-38329; Thermo Fisher Scientific); anti-phospho-RYR2 (A0570; Assay Bio-
tech); anti-CACNA1C (ACC-003; Alomone Labs); anti-GAPDH (G9545; Sigma-
Aldrich); anti-RBFox2 (ab57154; Abcam); anti-DHPR (ab2864; Abcam); Anti-
SERCA2a was from Dr. Ju Chen’s laboratory at the UCSD.

RT-PCR, miRNA Profiling, and Luciferase Assays. Total RNA from isolated
cardiomyocytes was extracted with TRIzol (15596026; Thermo Fisher Scientific)
following manufacturer’s instructions, treated with DNase I’, and reverse
transcribed with SuperScript III (18080051; Thermo Fisher Scientific). Real-
time PCR was performed with the miScript SYBR Green PCR Kit (218073;
Qiagen) on an Applied Biosystems real-time PCR machine. miRNA-specific
primers were designed according to the miRBase database (www.miRbase.
org/). The Tm values (melting temperature) of individual primers were ad-
justed between 50 and 60 °C by adding or deleting several nucleotides from
the 5′ end of primers.

Luciferase assay reporters were constructed by cloning PCR-amplified 3′
UTRs of mouse and human Jph2 into the Psicheck2 vector between Xho I and
Not I sites. The PCR primers used for constructing these luciferase reporters
are listed in SI Appendix, Table S2. For transfection, cells were transfected
sequentially by using Attractene Transfection Reagent (#301005; Qiagen)
with 20 pmol microRNA mimics (Bioneer, AccuTarget miRNA mimic negative
control #1, #SMC-2001; AccuTarget Custom Human miRNA mimic, hsa-miR-
34a-5p mimic, #SMM-001) and then 5 ng reporters. Luciferase activity was
measured 24 h after transfection of plasmids with a dual-luciferase reporter assay
kit (E1910; Promega) on a Veritas microplate luminometer (Turner Biosystems).

CLIP-Seq and Data Analysis. CLIP-seq was performed as previously described
(42), and the raw Ago2 CLIP-seq data have been deposited in the public
database on the accession number GSE57926. Whole cardiomyocytes from
9-wk-old WT or RBFox2−/− mice were digested with 0.1 U/uL of RQ1 DNase
and 2 U/μL of RNaseOUT in lysis buffer (1×PBS buffer with 0.3% SDS, 0.5%
deoxycholate sodium and 0.5% Nonidet P-40) for 5 min at 37 °C. Each lysate
was processed for CLIP-seq with a mouse monoclonal anti-Ago2 antibody
(also called EIF2C2). The sequencing data were processed using tools from
several open resources, including the BEDTools (43), the R program (www.r-
project.org/), and the bx-python package (bitbucket.org/james_taylor/bx-
python/). Tracks of deep sequencing data were generated by using igvtools
(https://github.com/bxlab/bx-python). Heat maps were generated by using
Java Treeview (jtreeview.sourceforge.net). CLIP-seq tags were mapped to
the mouse genome (mm10), and identical reads were removed (M1) or
compressed to a maximal of 4 (M1u4). Specific peaks were identified based
on the enriched number of reads against randomized background gene by
gene as described (11).

Statistical Analyses. Unless specifically noted, data were collected from
technical triplicates of three independent experiments and presented as
mean ± SEM. Statistical analyses were performed using unpaired two-tailed
Student’s t test or ANOVA when comparing multiple groups. P value <
0.05 was considered statistically significant.
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